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Introduction
In the event of a severe accident in a Light Water Reactor (LWR), core material may slump to the lower head of the reactor vessel and form a bed of porous debris with interstitial melted material. If the concentration of melted material at any location reaches a threshold value, the melted material will move downward due to gravity and other forces. The movement of the melted material influences the temperature distribution in the debris bed and in the lower head that supports the debris. Thus, the movement of liquefied material within a debris bed may have a significant influence on the damage progression that occurs during the late phase of a severe accident.
The COUPLE model in SCDAP/RELAP58 k intended to calculate the heatup of the lower head and the debris that it supports. The situation that the COUPLE model is designed to analyze is shown in Figure  1 -1. Currently, the COUPLE code has the capability to model the melting of material in the debris but it cannot model the movement of the melted material. A schematic of the current modeling capability with respect to melted material is shown in Figure 1 -2. The presence of interstitial melted material is possible whenever the debris at any location is heated above its melting temperature. The presence of interstitial melted material is also possible when core plate material melts and slumps onto a debris bed below it. In order to advance the modeling of debris in the lower head to account for the movement of melted material, designs were developed for a calculation of these processes by the COUPLE model. This report describes these designs and their implementation into SCDAP/RELAI?5. The schematic of modeling capability to be added to the COUPLE model is shown in Figure 1 This report is organized as follows. Section 2 describes the models to be applied to calculate the movement of liquefied presents the correlation material through the interstices in a matrix of porous debris. This section also to be applied to calculate the movement of solid material. Section 3 describes the I 'i ,\ \,! !( :. interface of the COUPLE model for the movement of liquefied material with models that calculate the rate of melting of metallic material above a porous debris bed. The numerics of the melt relocation model are described in Section 5 and the basic features of its implementation are described in Section 6. Section 7 presents plans for testing and assessing the implemented models. A summary of the extensions in modeling proposed for SCDAP/RELAP5 is presented in Section 8. The references are presented in Section 9.
Models for Movement of Material in Porous Debris
This section describes the models to be applied for calculating the movement liquefied material through the interstices in a matrix of porous material and the model for calculating the movement of solid debris that has a large amount of cavities due to the flowing away of melted material.
The situation to be modeled for liquefied material has been previously shown in Figure 1 -3. The movement of the liquefied material is driven by several forces, including gravity, capillary force, and pressure gradient. Resistances to movement are caused by viscous forces and form losses due to a continuous contraction and expansion of flow areas as the liquefied material flows through the porous debris. The resistances to movement increase with the velocity of the moving material. The balancing of the forces driving the movement of the liquefied material with the forces resisting the movement results in a conservation of momentum equation for the liquefied material. The passability of the debris bed is calculated by the equation &3Dp m=
In general, the relative passability is equal to the relative permeability.2 Thus,
The relative permeability is a function of the effective saturation of the debris bed and the Darcy permeability (2-9)
The above equation is based on the assumption that liquefied material is not present at any location where water in the liquid phase is present.
The residual saturation, S,, is a function of the surface tension of the liquid and of the degree of wetting of the solid material by the liquefied material. Reference 5 provides an empirical equation for calculating residual saturation that is appropriate for debris resulting from the disintegration of nuclear reactor cores. This equation is In the case of liquefied material that does not wet the solid material (90°Ce<1800), the residual saturation is equal to zero. An example of such a system is debris bed composed of U02 and stainless steel.5 In this case, bulk motion occurs at a relatively low values of bed saturation. In the case of liquefied material that wets the solid material (0°< 0~0°), bulk motion does not occur until the bed saturation has attained a relatively high value.
In Equation (2-l), the pressure of the liquefied material is a function of the gas pressure and capillary pressure. The pressure is given by the equation P* = Pg-Pc According to Reference 5, the variable PC changes much more rapidly with respect to the spatial coordinate y than does the variable Pg. Thus, (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
The capillary pressure is a function of the debris bed effective saturation, surface tension of the liquid, and wetting angle. According to Reference 5, the capillary pressure is calculated by the equation The conservation of mass equation is applied to obtain the relation of the rate of change with time of the local saturation of the debris bed to the local velocity of the liquefied debris and to the local rate of melting of the solid debris. The result is the equation Equations (2-1) and (2-5) are a coupled set of nonlinear equations for solving for the axial distribution through the debris bed of the bed saturation and the velocity of the liquefied material in the debris bed. In the context of severe accident analysis, a study of the order of magnitude of the terms in Equation (2-1) indicates that the first two terms in this equation are small compared to the other terms in this equation,5 and thus can be omitted. In addition, the importance of capillary effects and thus the pressure gradient term in Equation (2-1) has not been firmly established at this time.5Also, the material properties needed to calculate capillary effects, namely the surface tension of the liquid and the wetting angle, are not firmly established. For example, the uncertainty of the wetting angle of liquefied stainless steel in contact with U02 is estimated to range from 60" (wetting) to 120" (nonwetting). 10 Also, the possibility of a heterogeneous particle size distribution in the debris bed makes capillary effects less important.5 As a result, the pressure gradient term in Equation (2-1) will also be omitted. Thus, Equation (2-1) simplifies to an equation that only contains terms for velocity, gravity and flow resistance. This equation is (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) Thus, Equations (2-15) and (2-16) are a set of two equations for solving for the variables j, and S. The terms kl and ml in Equation (2-15) are a function of S and thus contribute to the nonlinearity of the set of equations. Although the momentum equation in the model described in Reference 5 omits the turbulent term in Equation (2-16), a hand calculation for a possible debris bed condition indicated that for a saturated debris bed the omission of the turbulent term would result in a factor of two overprediction of the velocity of the liquefied material. So the turbulent term is being retained for the present model. If results from the testing of the model indicate that the turbulent term has only a second order effect on calculation results, then the turbulent term will be omitted from the model. Solid debris will be assumed to collapse when its porosity has increased due to flowing away of melted material to the point that the solid material can no longer support itself. The criteria for collapse and the subsequent movement of the collapsed material will be obtained from the DEBRIS model.5 According to one empirical correlation in this model, the solid material at a location collapses when the porosity at that location has increased to a value of 0.9. The material slumps to the closest location below it that has a porosity greater than 0.4 after accounting for presence of the collapsed material.5 Liquid in the collapsed solid material is displaced along with the solid material. If the downward motion of solid material requires the displacement of liquid, the liquid is constrained to'move upward into the location from which the solid material slumped.
Effects of Material Movement on Debris Bed Heat Transfer
The movement of liquefied material through the interstices in a porous debris bed results in the transport of energy within the debris bed. In addition, the movement of liquefied material through the debris bed, in particular the movement of metallic material through a ceramic matrix, influences the thermal conductivity and heat capacity of the debris bed. As a result, the movement of liquefied material may have a significant influence on the temperature distribution within the debris bed. This section defines the change to be made to the heat transport equations in the COUPLE model so as to account for the effect of material movement on temperature distribution.
In the context of severe accident analysis, a previous study has shown that the liquefied material moves at a slow velocity and as a result moving liquefied material is in matrix of solid debris that it contacts.5 The heat transport model is currently s=%'%)+ %''%)+".-".. The above equation is formulated assuming that there is liquid material of only one type of composition, such as stainless steel or U02. If severe accident analyses indicate that two or more types of liquid may be present at a location, then the equation can be extended to account for the flow of two or more compositions of liquid material.
The variable QTnin Equation (3-2) is then calculated by the equation
where U1(TR)
T ne A Az. The movement of liquefied material through the interstices of a porous debris bed has an effect on the porosity, heat capacity, and effective thermal conductivity of the debris bed. The modeling of these effects is described in Section 5 of this report. The movement of solid debris also results in the transport of heat. The modeling of this heat transport process is also described in Section 5.
Boundary Conditions for Case of Core Plate Melting Above Debris Bed
This section describes the boundary condition applied to the model for movement of liquefied core plate material thorough a ceramic porous debris bed below a melting core plate. Such a case is shown in Figure 4 -1. Currently, liquefied material that originates from above the debris bed, such as from melting of a core plate, is assumed to accumulate on top of the debris bed. Designs are described in this section of models that will extend the COUPLE model in SCDAWRELAP5 so that it will calculate the behavior of liquefied material for situations such as that shown in material will be calculated as a function of time. The liquefied material will be calculated to move until either it freezes, reaches a location in the debris bed where the degree of bed saturation is less than the residual saturation, or reaches an impermeable boundary.
For nodes at the top of the debris bed, the equation based on the principles of flow of liquefied material in a porous debris bed is replaced by an equation that defines the rate of melting of a structure above the debris bed. In other words, Equation (3-3) in Section 3 is replaced by the equation 
Numerical Solution
An explicit, iterative scheme for numerical solution will be used to solve for the distribution in velocity of liquefied material and in debris bed saturation. The scheme will be based on the concept that the velocity gradient changes at a slower rate than the degree of bed saturation changes. In the first step for the first iteration, the change in bed saturation at each node will be calculated using previous time step velocities in the neighborhood of each node. Next, the end of time step velocity at each node will be calculated using the values for bed saturation calculated in the previous step. Next, the bed saturation at each node will be calculated using the velocities just calculated for the end of the time step. If at any node the difference between the last two values calculated for bed saturation is greater than the tolerance for error in bed saturation, another iteration will be performed. Subsequent iterations will be performed until convergence is obtained at each node.
The equations in the numerical solution scheme are arranged as follows. First, a guess of the end of time step bed saturation will be calculated using the equation If debris is not melting at node n, then the variable Q,n in the above equation is equal to zero. In~e above equation, heat input to node n by conduction is assumed to be negligible on the basis of a small temperature gradient in the neighborhood of melting. Also, in the above equation, the nodes are assumed to have uniform cross sectional areas and uniform spacings in the vertical direction.
The local melting of debris and the moving of liquefied material changes the local volume fraction of solid material and the local porosity. Two categories of porosity need to be calculated at each node at each time step. One category of porosity, named the mass transport porosity, will be used in the equations that calculate the flow of liquefied material. For this category, the volumes of liquid and gas are lumped together to represent the porosity. The other category of porosity, named the heat conduction porosity, will be used in the equations that calculate the heatup and conduction of heat through the debris bed. For this category, the volumes of solid material and liquefied debris will be lumped together.
The mass transport porosity will be calculated by the equation
The value of the volume fraction of the solid debris changes with time when this material is melting. The heat conduction porosity will be calculated by the equation &h~= 1 -cqn-ctln.
The volume fraction of liquefied material will be updated using the equation '+1 (I-a,n) aln = s" Darcy permeability of debris bed at node n (m2). saturation of the debris bed at the end of the time step for each node will be (5) (6) (7) (8) effective saturation at node n at end of time step.
,
The residual saturation, S,, is a function of material properties, namely wetting angle, surface tension, Darcy permeability, and liquid density; it is calculated using Equation (2-10).
Next, the relative permeability of the debris bed at the end of the time step for each node will be calculated using the equation Darcy permeability at node n, which is a function of debris porosity and particle size, and is calculated using Equation (5-6) (m2).
The relative passability of the debris bed at the end of the time step for each node will be calculated using the equation relative passability of debris bed at node n at end of time step.
Next, the velocity of the liquefied material at each node will be calculated using Equation ( Applying the quadratic equation, the supedicial velocity of the liquefied material at each node at the end of the time step is calculated using the equation
The bed saturation at each node at the end of the time step is then calculated using Equation (5-1) with the start of time step superllcial velocities in this equation replaced with the end of time superi3cial velocities calculated by Equation (5-12).
The fractional difference in bed saturation between two successive iterations is calculated by the equation If the value of fn at any node is greater than the tolerance in error for bed saturation, another iteration will be performed. The maximum value of the tolerance in error that results in an acceptably accurate calculation of the temperature and mass distribution in the debris bed will be determined during the testing stage of model development. If the testing stage of model development indicates that convergence to an accurate solution is not occurring efficiently, then the numerical solution will be augmented with a scheme to accelerate convergence, such as using the Newton-Raphson MethodGto obtain a better guess of the bed saturation based on the change in value of bed saturation during the last two iterations.
After convergence of the debris bed saturation at each node has been obtained, the effect of the movement of liquefied material during the time step on heat transport will be calculated. First, the mass of material flowing into each node during the time step will be calculated. For the top nodes in the debris bed, Equation (4-1) will be used to calculate the mass of liquefied material that moved into these nodes during the time step. Then, Equation (3-4) will be used to calculate the term added to the volumetric heat generation rate for each axial node to account for the transport of liquefied material. Then, the heat conduction porosity for each node will be updated to account for the addition or subtraction of material 16 . . . . . from each node during the time step. Then, atomic fractions of each type of material at each node will be updated to account for the addition or subtraction of material from each node during the time step. Also, the internal heat generation (power) at each node will be updated to account for the addition or subtraction of material from each node during the time step. The effective particle size at each node is assumed to not be influenced by the presence of liquefied debris or frozen previously liquefied debris.
The mass of liquefied material added to each node will be calculated by the equation The mass of liquefied material that flowed into each node during a time step will be calculated by the equation (5-16) For the top nodes, Equation (5-15) will be used in place of Equation (5-16) to calculate the mass of material that flowed into the nodes during a time step.
Next, the calculation will be made of the term to be added to the volumetric heat generation at each node to account for the thermal effect of the addition by flow of liquefied material to each node. This term is calculated by the equation Next, the calculation will be made of the atomic fractions of each type of material at each node. This calculation will be performed in three steps. First, the mass of each type of material that flowed into or out of each node during the time step will calculated. Second, the mass at each node of each type of material will be calculated. Third, the atomic fractions of each type of material will be calculated. The calculations will be perform?d based on the assumption that only one type of liquefied material exists at contiguous nodes. The mass of each type of material that flowed into or out of a node during a time step will be calculated by the equation (5-18) where 'bin = net balance of i-th type of material that fiowed into node n during time step (kg),
8, =
1 for mm consisting of i-th type of material; bi = O; otherwise, %n = net balance of material that flowed into node during time step, and calculated by Equation (5-14) (kg).
Since only one type of material is assumed to be liquefied at contiguous nodes, robinis always equal to zero for all material types except one.
The mass of each type of material at each node will be calculated by the equation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the atomic weight of each type of The heat transported by solid material that collapses due to porosity increase caused by flowing away of melted material will be modeled the same as heat transport due to material relocation in the core region of a reactor. According to this modeling approach, the collapsing material and the location receiving the collapsing material come into thermal equilibrium at the instant of contact.8 The equilibrium temperature will be calculated by the equation 
Implementation into COUPLE model
This section identifies the extensions required to the data base of the COUPLE model and to its subroutines in order to implement the numerical solution for the movement of liquefied material through a porous debris bed. The variables to be added to the COUPLE model database are described in Table 6 -1. This table also defines the Fortran name to be assigned each variable added to the COUPLE data base and identifies its corresponding name in the numerical solution section of this report. The table also identifies the subroutines that will calculate the values of the new variables. The arrays in Table 6 -1 will be stored in the COUPLE bulk storage array named "a," which is stored in the common block named "alcm." The pointers in Table 6 -1 will be stored in the COUPLE common block named "iparm." In order to improve computational efficiency, several variables in the numerical solution are omitted from Table 6 -1, such as (1) density of liquid material, and (2) dynamic viscosity of liquid material. These variables will be stored as local variables in the subroutines that use them. Several user-defined variables are required for the numerical solution; these variables are identified in Table 6 -2. Two of the variables in Table 6 -2 are material properties that are not defined in the material properties part (MATPRO)90f SCDAWRELAP5. These variables are the liquid-solid contact angle and the surface tension of the liquefied material. The latter property is defined in MATPRO, but it is defined only for a mixture of Zr-U-O and has a large amount of uncertainty. When the values of these material properties are ftiy established, the values will be obtained from MATPRO instead of being user-defined. Another variable in this table, namely the rate of melting of a structure directly above a debris bed, such as particular a core plate, could be obtained from calculations performed by the core plate model in SCDAP/ RELAP5. Nevertheless, it is useful to make this variable user-defined for testing and for analyses focusing on behavior of debris in the lower head of a reactor vessel instead~f on behavior of an overall reactor system. The model for calculating the movement of liquefied debris will be programmed in a new subroutine named MOVCPL. This new subroutine wall be called from subroutine COUPLE just before the call to subroutine EGEN2. The new subroutine will cidculate the dkribution of liquefied material within the debris bed and calculate the magnitude of the addition to be made to the volumetric heat generation term in the COUPLE model in order to account for the transport of heat by movement of liquefied material. The new subroutine will also calculate the change in effective thermal conductivity and heat capacity at each node due to movement of liquefied material. The subroutine will also calculate the change in power in each finite element due to the movement of material. The subroutine will also calculate the relocation of solid debris that slumps due to cavities caused by flowing away of melting material. The Fortran programming of the new subroutine will be based on the numerical solution scheme outlined in Section 5 of this report.
The extensions required to existing COUPLE subroutines are summarized in Table 6 -3. Subroutine MATERL will be extended to defiie input needed for the models that calculate the movement of liquefied material. Subroutine AUMESH will be extended to reserve storage for the new variables added to the COUPLE model to calculate the movement of liquefied material and its consequences. Subroutine ICPL will be extended to initialize the new variables added to the COUPLE model. Subroutine COUPLE will be extended to call the new subroutine named MOVCPL, which calculates the movement of liquefied material and its consequences, including the slumping of solid material. Subroutine TGPSET will be updated to calculate the temperature at locations which received collapsed solid material during the time step. The subroutine will also be extended to update the mass of each type of material at each node to account for the relocation of solid material. Subroutine MAJCOU will be extended to display the results calculated by subroutine MOVCPL. 
Testing and Assessment of Implemented Models
The models added to SCDAPIRELAP5 will be tested and assessed using three test problems. Two of these test problems involve calculating the flow of liquefied material for simplified conditions. The other test problem involves the analysis of an experiment that measured the displacement of liquefied material moving through the interstices of a porous debris bed. The matrix of test problems is described in Figure ( The first problem involves the calculation of the flow of liquefied stainless steel that slumps onto the top of a porous debris bed. The test problem is described in Figure 7 temperature of 2500 K and the slumping liquefied stainless steel has a temperature of 1700 K just before contact with the top surface of the debris bed. The debris particles have a volumetric heat generation rate of 1 MW/m3. The debris particles are composed of U02 with a dkrneter of 2 mm. The initial porosity of the debris bed is 0.5. No water or steam is flowing through the debris bed. The debris is represented by two parallel stacks of COUPLE model finite elements, with twenty elements in each stack.
The second problem involves the calculation of the flow of liquefied material that originates from melting within the debris bed. The test problem is described in Figure 7 particles of U02 with a particles size of 2 mm. The initial porosity of the debris bed is 0.5. The volumetric heat generation rate in the debris particles is 1 MW/m3 at the top surface of the debris bed and linearly decreases to a value of 0.20 MW/m3 at the bottom surface of the debris bed. A case will also be calculated in which the volumetric power is uniform through the debris bed. No water or steam is flowing through the debris bed. The debris is represented by two parallel stacks of COUPLE model finite elements, with twenty elements in each stack.
The third problem is an analysis of the porous, ceramic debris portion of the MP-2 experiment.7 This experiment involved the melting and flowing of ceramic and metallic material through porous debris and rod-like structure. The test problem will only analyze the section of the experiment that initially was composed of porous, ceramic debris. This simplification of the experiment is necessmy to prevent the assessment effort from exceeding its project scope. The test problem is described in Figure 7 -3. The debris particles are composed of a mixture of U02 and Zr02 particles with a mass mean particle size of 2 mm. The mass fraction of U02 is 0.8279. The porosity of the debris is 0.5. The flow of coolant through the debris bed is assumed to not be significant, obtained from previous analysis.7 A center The transient power distribution in the debris bed will be cylindrical section of the experiment will be selected for analysis. This cylinder will have a radius of 0.01 m and its centerline will be located at the centerline of the debris bed. The outer radius of the experiment debris bed was 0.0436 m. The cylinder will be assumed to be perfectly insulated at its outer radius. The top and bottom surfaces of the cylinder will be prescribed the temperature histories measured at these locations. The debris bed will be represented by a stack of ten to twenty finite elements. The behavior of debris will be calculated out to the experiment time of 16,500 s, which is the time at which most of the debris in this section of the experiment had melted or slumped to the bottom part of the section.
Summary
Designs were described for models to calculate the movement of liquefied material through the interstices of porous debris. The models are intended for implementation into the COUPLE model in SCDAWRELAP5 so as to give it the capability to calculate the effect on lower head heatup of liquefied material moving through porous debris in the lower head. The models have been designed assuming that liquefied material originates from two sources; (1) melting of core plate above porous debris in the lower head, and (2) melting of in situ debris in the lower head. Equations and solution methods were presented for the calculation of the motion of liquefied and solid material and the heat transported by the moving material. Equations were also presented for calculating the effect of moving material on effective thermal conductivity and heat capacity. A description was presented of the extensions in COUPLE model Fortran programming required to implement these equations and solution methods. A matrix of test problems was defined for assessing these models and their implementation.
